INTRODUCTION
It seems hardly appropriate to devote any time to reviewing the fundamentals of Heavy Quark Effective Theory (HQET), both because this is a meeting of experts and because several good reviews of the subject are now available.
1, 2 Instead of wasting any space introducing conventions, I simply choose to use the notation of Ref. 2 . Thus, I will be able to devote more energy towards a description of recent developments in this field.
I view this paper as updating and expanding on Ref.
2. There the HQET was presented and a few applications discussed at length. Other applications where briefly discussed. Much has changed since Ref. 2 was written, and it seems the time is ripe for an extension of that work. Because of time and space limitations this is not intended as an extensive overview of progress in the field since Ref. 2 was written. Rather, I shall pick and choose according to my taste, familiarity with the subjects, and what I perceived as relevant to the participants of the workshop.
AN UPDATE ON LUKE'S THEOREM
Presumably the best known consequence of heavy quark symmetries is that the form factors for semileptonic B → D and B → D * decays are determined at the point of zero recoil (equal B and D velocities). Luke's theorem states that this normalization of the meson form factors has no 1/M Q corrections. 3 It is not widely appreciated that Luke's original proof did not exclude possible short distance corrections of order (α s (m c )/m c ). It turns out it is easy to extend Luke's proof to exclude corrections of this sort to any order in the strong coupling. 4 Similarly, the normalization of form factors for Λ b → Λ c semileptonic decay is computable up to corrections of order 1/M 2 Q .
4, 5

HEAVY BARYON FORM FACTOR RELATIONS
Relations to First Order in 1/M Q
Six form factors encode the semileptonic decay amplitude Λ b → Λ c eν. The transition lends itself particularly well to HQET analysis because it is tightly constrained by the heavy quark spin symmetry. 6 Like their mesonic counterparts, the six form factors that parameterize this baryonic process are predicted at leading order in the 1/M Q expansion in terms of a single Isgur-Wise function. In contrast with their mesonic counterparts, one can prove that this is still the case at order 1/M Q .
5
In other words, five relations among these six form factors remain after O(1/m c ) and O(1/m b ) corrections are included.
Remarkably, that such relations can be written is not precluded by short distance effects to any order in the strong coupling constant. 4 However the relations themselves get corrected order by order in perturbation theory. To see how this works, define the form factors through
where v and s refer to the velocity and spin of the state Λ b and of the Dirac spinor u. Then, the relations between form factors are
where
and Λ is an undetermined constant with unit mass dimensions, expected to be of order of the hadronic scale, Λ ∼ 500 MeV. If in Eqs. Heavy quark symmetries give the value of the form factors at zero recoil. In the leading-log approximation
There are no corrections of order 1/M Q to this relation. 5, 4 The counterpart of this prediction for mesons is used in the measurement of the mixing angle |V cb |.
The form factor relations 3 -5 provide a valuable means for assessing the uncertainty in future measurements of the mixing angle |V cb |. It is reasonable to expect the prediction in Eq. 7 to hold to the same accuracy with which the form factors satisfy the predicted relations, at least for small or moderate v·v ′ − 1.
Relations To All Orders In 1/m c
The relations above were obtained by expanding both in 1/m c and 1/m b . Because the charm quark is only a few times heavier than typical hadronic scales, the corrections to the relations 3 -5 may be large. Remarkably, Mannel and Roberts obtain four relations among the six form factors without assumptions on the size of m c . 7 Expanding in 1/m b , i.e., using the HQET for the b quark, the spin symmetry acting on the b quark alone is enough to limit to two the number of independent form factors in Λ b → Λ q , where q = u, c:
It is straightforward to write the six form factors in Eqs. 1 -2 in terms of the two form factors in Eq. 8. Explicit relations between the form factors follow from eliminating f 1,2 from Eq. 8:
These remarkably simple expressions receive corrections in order 1/m b and α s (m b )/π, but are valid for arbitrary m q (provided m q < m b ). Moreover, the perturbative corrections ∼ α s (m b )/π are computable; the leading correction is obtained by replacing
in Eq. 8. By taking the limit m b → ∞, one readily checks that Eqs. 3 -5 are consistent with Eqs. 9 -12.
FACTORIZATION
Summary of Theory
Consider purely hadronic B-meson decays into singly charmed final states. I have in mind the class of processes that includes B → Dπ, B → D * π, B → Dρ, etc. The interaction Hamiltonian density mediating these decays is
where c 1,2 are calculable short distance QCD corrections, T a are color octet matrices, and q L stands for a left handed quark. The second term in H arises from short distance QCD effects. Factorization in a particular decay, say B → Dπ is the statement that the following equation is true:
If factorization holds, the rate for the hadronic decay (the left hand side in eq. (9)) is given in terms of a meson decay constant
. Whether a particular matrix element factorizes is a dynamical issue that involves non-perturbative strong interactions, and is therefore hard to settle from first principles. We do know, nevertheless, that factorization does not hold for a large class of two body decays. In the case of K decays, the ∆I = 1/2 rule is a stark reminder that simple factorization does not hold. More recently, a wealth of evidence against factorization in D-meson decays (as in D → Kπ) has been amassed.
9
To my knowledge there are two known theoretical approaches to demonstrating factorization. It holds in leading order in the 1/N c expansion, where N c is the number of colors in QCD. 10 And it holds in the leading order in the 1/M Q expansion.
11
Now, these approaches are rather different. The large N c limit is fairly democratic: effectively, it predicts factorization in any meson decay into two meson final states, regardless of which flavors are involved in the transition. It does not predict, as far as I can tell, factorization in baryon decays (because the number of non-spectator diagrams, each suppressed by 1/N c , scales like N c ).
The large M Q limit is fairly restrictive as to which transitions may exhibit factorization. It must be a transition of the form M → M ′ X where M and M ′ are heavy hadrons, with their masses in a fixed ratio, both scaling with the large parameter M Q , and X is a hadronic state with small invariant mass, that is, it's mass does not grow with M Q . To the extent that the b and c quarks can be considered heavy, this approach can be used for B → Dπ, and even for baryons as in Λ b → Λ c π. But in the case of D decays this approach says nothing, since the final state does not involve any heavy quarks.
I will have nothing to say about phenomenological approaches to factorization.
12
My interest here is on what can be obtained from first principles, even if only in some approximation. Clearly we have a better chance of learning about dynamics if we concentrate on results that follow directly from QCD than on phenomenological approaches. It is for this reason also that we have nothing to say about decays such as B → ψK which may very well factorize, but we don't know of any first principles justification for that to be the case. (In fact, one expects factorization in the inclusive resonant rate B → ψX s , where by resonant we mean that the ψ is directly produced. P-wave charmonium production in B-meson decays is known not to factorize. 13 Consequently nonresonant inclusive ψ production won't either).
Comparison With Experiment
The large N c approach is far too democratic: experimentally it is found that factorization does not hold in decays of heavy mesons to light mesons, or in light-to-light decays. In this section I intend to investigate the predictions of the large mass limit as far as factorization is concerned.
We start by considering qualitative statements implied by the arguments of Ref. 11 . Feynman diagrams that don't factorize on account of the light quark in the initial heavy meson ending up in the light hadron in the final state are suppressed by 1/M Q . Now, the only diagrams that contribute toB 0 → D 0 π 0 are of this kind (and thereforeB 0 → D 0 π 0 does not itself factorize). Hence if factorization is to hold to some accuracy ǫ, the rate for B 0 → D 0 π 0 ought to be suppressed relative to the rate forB
A quick glance at the particle data book shows thatB 0 decays into . This is all as expected from the factorization argument in the paragraph above.
Quantitative, model independent, 14 tests of factorization are readily available. We will consider three kinds of such tests. The first two compare different two body decays which are related by a combined use of factorization and either isospin or heavy quark spin symmetries. In the third we compare some two body decays to corresponding semileptonic rates. The third is the most direct test, but is not available for as many processes. Also, it is interesting to see how well the other symmetries, and in particular heavy quark spin symmetry, work.
Using isospin symmetry on the factorized amplitudes, one obtains that the partial widths for the charged and the neutral meson decays into charmed two body decays should be equal. That is, one expects Γ(
and similar relations for the other modes. These results are not predicted by isospin symmetry alone. The hamiltonian in Eq. 14 has ∆I = 0, 1, while the B and D mesons are both I = 1/2 states, so the final Dπ state is a combination of I = 1/2 and I = 3/2. There are three independent amplitudes, but they are not independent if factorization holds.
This can be tested assuming the total widths of the charged and neutral B-mesons are equal. It is seen that these relations hold to the present experimental accuracy. For example, the particle data book gives
while
and similar results for the other three modes mentioned above.
Since the factorized amplitude is given in terms of the semileptonic form factors, one can use heavy quark spin symmetry to relate the rates into D and D * final states:
This seems to work well, too. For example, from the particle data book
to be compared with Br(B 0 → D + π − ) in Eq. 17 above. It is remarkable that both factorization and heavy quark spin symmetry can be tested simultaneously and that both seem to work rather well. Table 1 shows CLEO II measured branching fractions. 15 The two columns are related by spin symmetry (if factorization holds). We group lines into pairs for the neutral and charged B decays. Thus the combined result of factorization, isospin symmetry, heavy quark spin symmetry and the assumption of equal B 0 and B + lifetimes, is that all entries in each 2 × 2 block are equal. It 
If factorization holds, the degree of polarization in the decayB 0 → D * (2010) + ρ − can be predicted in terms of the degree of polarization in the semileptonic decay:
Here the differential rates on the right hand side are with respect to the invariant lepton pair mass, m
while the expected value from the semileptonic decay is 85% -88%. Finally, the most direct test of factorization is obtained by comparing directly both sides of Eq. 15, or equivalently by testing whether Bjorken's ratio
agrees with the expectation from factorization:
Similar expressions can be written with the pion replaced by some other final state. Experimentally, the ratios R π and R ρ for the neutral meson decay have been studied. The results of CLEO II measurements and the expectations from factorization are summarized in Table 2 .
15 Table 2 . CLEO II Results on Bjorken's Ratios
REPARAMETRIZATION INVARIANCE
There is an ambiguity in assigning a four-velocity, v, and residual momentum, k, to a particle in the HQET. Recall that only the momentum p = Mv + k has physical significance. One may shift both the velocity and residual momentum to obtain the same physical momentum:
The only constraint on the vector q is that the new four-velocity be properly normalized:
The effective field theory must be invariant under these reparametrizations.
18
The reparametrizations mix different orders in 1/M. Hence, one can use reparametrization invariance to put constraints on the form of the 1/M corrections.
19
As an example of an application consider the matrix element of the vector current between two pseudoscalar mesons. When using the HQET to order 1/M it is important to include in the description of the states both the velocity label v and the residual momentum
Here V µ stands for the heavy quark current including 1/M corrections. Now, in the "full theory", that is, the theory without any large mass expansion, there are only two independent form factors, usually denoted by f + and f − . It shouldn't be necessary to introduce three form factors in the effective theory. This is implied by reparametrization invariance, which gives the relation
Of more practical importance is the use of reparametrization invariance to constrain the form of the heavy quark current in the effective theory. The heavy quark vector current has a 1/M expansion
where O 
where we have used the equations of motion, v·DQ v = 0. Now, the vector current in Eq. 29 will be reparametrization invariant if and only if it depends on the velocities v and v ′ in the combinations
or in operator language
Consider, for example, the following leading term in Eq. 29
It must appear in the following combination to be invariant under separate reparametrizations of v and v
In a similar manner the coefficients of other dimension four operators can be constrained by applying the same method to the other two dimension three operators,
The calculation leading to the 1/m c corrections in Λ b → Λ c eν required the coefficients of the vector and axial currents to order 1/m c . It is easy to check that the coefficients used 4 to obtain the relations in Eqs. 3 -5 satisfy the constraints from reparametrization invariance. The calculation there would have been simplified vastly had reparametrization invariance been used to obtain the result. (Alternatively, reparametrization invariance gives an independent test of the calculation).
6.
CHIRAL SYMMETRY TOO
Generalities
Chiral symmetry and soft pion theorems have been used in particle physics for several decades now with great success. The most efficient way of extracting information from chiral symmetry is by writing a phenomenological lagrangian for pions that incorporates both the explicitly realized vector symmetry and the non-linearly realized spontaneously broken axial symmetry.
20
Theorems that simultaneously use heavy quark symmetries and chiral symmetries are most expediently written by means of a phenomenological lagrangian for pions and heavy mesons that incorporates these symmetries.
21, 22
In the limit m b → ∞, the B and the B * mesons are degenerate, and to implement the heavy quark symmetries it is convenient to assemble them into a "superfield" H a (v):
Here v µ is the fixed four-velocity of the heavy meson, and a is a flavor SU(3) index corresponding to the light antiquark. Because we have absorbed mass factors √ 2m B into the fields, they have dimension 3/2; to recover the correct relativistic normalization, we will multiply amplitudes by √ 2m B for each external B or B * meson.
The chiral lagrangian contains both heavy meson superfields and pseudogoldstone bosons, coupled together in an SU(3) L × SU(3) R invariant way. The matrix of pseudogoldstone bosons appears in the usual exponentiated form ξ = exp(iM/f ), where
and f is the pion (or kaon) decay constant. The bosons couple to the heavy fields through the covariant derivative and axial vector field,
Lower case roman indices correspond to flavor SU(3). Under chiral SU(3) L × SU(3) R , the pseudogoldstone bosons and heavy meson fields transform as ξ → LξU
where the matrix U ab is a nonlinear function of the pseudogoldstone boson matrix M.
The chiral lagrangian is an expansion in derivatives and pion fields, as well as in inverse powers of the heavy quark mass. The kinetic energy terms take the form
where Σ = ξ 2 . Here the trace is in the space of 4 × 4 Dirac matrices that define the "superfields" H a (v) in Eq. 35. The leading interaction term is of dimension four,
where g is an unknown parameter, of order one in the constituent quark model. The analogous term in the charm system is responsible for the decay D * → Dπ. Expanding the term in the lagrangian in 40 to linear order in the Goldstone Boson fields, M, we find the explicit forms for the D * DM and
Using this one can compute the partial width
The ACCMOR collaboration has reported an upper limit of 131 KeV on the D * width.
23
The branching fractions for
3)% and (30.8 ± 0.4 ± 0.8)%, respectively, as measured by the CLEO collaboration.
24
Using f = 130 MeV, one obtains the limit g 2 < 0.5. Even if the D * decay width is too small to measure, radiative D * decays provide an indirect means for determining the coupling g, and provide a lower bound g 2 > ∼ 0.1.
Since charmed and beauty baryons are long lived, one can write down phenomenological lagrangians for their interactions with pions. These are as well justified and should be as good an approximation as the lagrangian for heavy mesons discussed above. The treatment is rather similar, and due to space limitations, we refer the interested reader to the literature. 26 
6.2
B → Deν and B → D * πeν
As a first example of an application consider a soft pion theorem that relates the amplitudes for B → D * eν and B → D * πeν. 22 The heavy quark current is represented in the phenomenological lagrangian approach by
where the ellipsis denote terms with derivatives, factors of light quark masses m q , or factors of 1/M Q , and ξ(v·v ′ ) is the Isgur-Wise function. The leading term in Eq. 44 is independent of the pion field. Therefore, it is pole diagrams that dominate the amplitude for semileptonic 
where u(M) stands for the isospin wavefunction of meson M. A similar but lengthier expression is found for B → D * πeν. 22 If the coupling g is close to its upper limit, this process could be an important correction to the inclusive semileptonic rate. It may, perhaps, account for some of the anomalously large "D * * " contributions observed by CLEO. 
Violations To Chiral Symmetry
Phenomenological lagrangians are particularly well suited to explore deviations from symmetry predictions. In the context of heavy mesons, several quantities of considerable interest have been studied. Moreover, the self-consistency of the approach has been explored. It would be impossible to cover all of this in this talk. I will briefly comment on a few of those results, and invite you to consult the references for further details.
In order to study violations of chiral symmetry, one must introduce symmetry breaking terms into the phenomenological lagrangian. The light quark mass matrix m q = diag(m u , m d , m s ) parametrizes the violations to flavor SU(3) V . To linear order in m q and lowest order in the derivative expansion, the correction to the phenomenological lagrangian is
The coefficients λ 0 , λ 1 and λ ′ 1 are determined by non-perturbative strong interaction effects, but may be determined phenomenologically. We postpone consideration of mass relations obtained from this lagrangian until we have introduced heavy quark spin symmetry breaking terms into the lagrangian too.
The decay constants for the D and D s mesons, defined by
and
determine the rate for the purely leptonic decays D + → µ + ν µ and D s → µ + ν µ . These are likely to be measured in the future. 28 In the chiral limit, where the up, down and strange quark masses go to zero, flavor SU(3) V is an exact symmetry and so f D S /f D = 1. However m s = 0, so this ratio will deviate from unity. Calculating this involves, at one loop, the Feynman diagrams in Fig. 2 , where a dashed line stands for a light pseudoscalar propagator.
Neglecting the up and down quark masses in comparison with the strange quark mass, this deviation has been calculated to be 29, 30 
where the ellipsis denote terms with more powers of the strange quark mass (recall M 2 K ∼ m s ). The dependence of λ on the subtraction point µ cancels that of the logarithm. If µ is of order the chiral symmetry breaking scale then λ has no large logarithms and for very small m s the explicit logarithm dominates the deviation of f D S /f D from unity. In Eq. 49 the contribution from η loops has been written in terms of M K using the Gell-Mann-Okubo formula M 2 η = 4M 2 K /3, and the contribution from pion loops, proportional to M 2 π ln M 2 π , has been neglected. Numerically, using µ = 1 GeV, the result is that The same formula also holds for f Bs /f B . In fact, to leading order in 1/M Q the ratio is independent of the the flavor of the heavy quark. Consequently,
to leading order in 1/M Q and all orders in the light quark masses. Now, Eq. 51 also holds as a result of chiral symmetry, for any m c and m b . That is f Bs /f B and f Ds /f D are separately unity in the limit in which the light quark masses are equal. This means that deviations from unity in Eq. 51 must be small,
This ratio of ratios is observed to be very close to unity in a variety of calculations. 32 This may be very useful, since it suggests obtaining the ratio f Bs /f B of interest in the analysis of B −B mixing (see below) from the ratio f Ds /f D , measurable from leptonic D and D s decays.
The hadronic matrix elements needed for the analysis of B −B mixing are
where the right hand side of these equations define the parameters B Bs and B B . In the SU(3) V symmetry limit B Bs /B B = 1. For non-zero strange quark mass, the ratio is no longer unity. The chiral correction is
2 K /3 has been used. Using µ = 1 GeV, f = f K , and g 2 = 0.5, the correction is B Bs /B B ≈ 0.95.
Violations to chiral symmetry in B → D semileptonic decays have also been studied. One obtains that a different Isgur-Wise function must be used for each flavor of light spectator quark
or, expanding about x = 1,
Using g 2 = 0.5 and µ = 1 GeV, and neglecting the counterterm one obtains
or a 5% correction at v·v ′ = 2.
Violations to Heavy Quark Symmetry
In a similar spirit one can consider the corrections in chiral perturbation theory to predictions that follow from heavy quark spin and flavor symmetries. These are effects that enter at order 1/M Q , so the first step towards this end is to supplement the phenomenological lagrangian with such terms. In particular, the only SU(3) V preserving term of order 1/M Q that violates spin symmetry in the lagrangian is
In addition there are contributions to the lagrangian in order 1/M Q that violate flavor but not spin symmetries. These can be characterized as introducing M Q dependence in the couplings g, λ 1 and λ 
Spin symmetry violation is responsible for "hyperfine" splittings in spin multiplets. To leading order these mass splittings are computed in terms of the spin symmetry violating coupling of Eq. 59
That the mass splittings scale like 1/M Q seems to be well verified in nature: Armed with the machinery of chiral lagrangians that include both spin and chiral symmetry violating terms, one can compare hyperfine splitting for different flavored mesons. There is a wealth of experimental information to draw from; see Table 3 . Breaking of flavor SU(3) V and heavy quark flavor symmetries by electromagnetic effects is not negligible. It is readily incorporated into the lagrangian in terms of the charge matrices Q Q = diag(2/3, −1/3) and Q q = diag(2/3, −1/3, −1/3), 37 which must come in bilinearly. For example, terms involving Q
